Using the scutellar tissue of rice mature embryos as a target tissue, a selectable marker gene, bar, and an unselectable gene, fatty acid desaturase gene from tobacco (NtFAD3), on separate plasmids, were introduced by particle bombardment. Cointegration, co-expression and inheritance of these genes were analyzed as well as seed fertility of the transgenic plants. Twenty-three out of 32 bialaphos-resistant plants integrated the NtFAD3 gene, which was confirmed by Southern-blot analysis of R 0 plants, and showed one to more than 20 hybridizing bands of exogenous DNA, indicating a 72% (23/32) co-integration frequency. However, the frequency of the transgenic plants containing the 1.4-kb fragment of NtFAD3 gene was 34% (11/32). Northern-blot analysis revealed that seven out of ten fertile transgenic rice plants which had a 1.4-kb fragment of NtFAD3 cDNA expressed NtFAD3 mRNA. The NtFAD3 gene under the control of CaMV35S promoter stably expressed in the transgenic rice plants and modified the proportions of linoleic acid (18 : 2) and linolenic acid (18 : 3) in fatty acids; the content of 18 : 2 decreased and that of 18 : 3 increased. Fourteen out of 32 (44%) transgenic plants set seeds and 18 (56%) showed low fertility or sterility. Molecular analysis of the selfed progeny indicated that all copies in almost all R 0 plants were inherited as a single dominant hemizygous locus.
INTRODUCTION
Transgenic rice plants have been produced by using protoplast technology and direct gene transfer of exogenous DNA (Toriyama et al., 1988; Zhang and Wu, 1988; . Christou et al. (1991) developed a varietyindependent method based on bombardment of immature embryos that led to the recovery of fertile transgenic plants from several varieties at a high frequency. Recently, Agrobacterium-mediated gene transformation was found to be more successful in rice (Hiei et al., 1994 (Hiei et al., , 1997 . The creation of transgenic rice plants is now routine for many rice varieties using bombardment-based methodology and Agrobacterium. Although different procedures exist for the introduction of foreign DNA, particle bombardment has become the method of choice for transformation of many plants. With particle bombardment, the difficulties of using fragile protoplasts and host-range limitations associated with Agrobacterium can be avoided. Co-integration and co-inheritance of selectable and unselectable exogenous genes transformed on separate plasmids were reported by Schocher et al. (1986) , Goto et al. (1993) , and Christou (1997) . However, it is necessary to characterize the plants transformed via particle bombardment to evaluate the transformation method.
In the present study, we examined the molecular and genetic properties of transgenic rice plants transformed by a selectable marker gene, bar, and an unselectable gene, ω-3 fatty acid desaturase gene from tobacco (NtFAD3), on separate plasmids, via particle bombardment. The ω-3 fatty acid desaturases are membrane-bound enzymes catalyzing the conversion of linoleic acid (18:2) to linolenic acid (18 : 3) in lipids, and the products of FAD3 genes correspond to the microsomal ω-3 fatty acid desaturase (Mazliak, 1994) . After co-transformation, co-integration and co-segregation as well as number of integrated genes were estimated by Southern-blot analysis. After co-transformation, the expression of NtFAD3 was examined by Northern-blot analysis. Moreover, the change of the fatty acid compositions in leaf and root tissues of the transgenic plants was observed. Seed fertility of transgenic rice plants and inheritance of integrated genes were also investigated.
MATERIALS AND METHODS
Plasmid construction. Plasmid pDM302 contains a bar gene fused to the rice actin promoter region and NOS terminator (Cao et al., 1992) . Plasmid pTF1SN is a derivative of pBI121 and was constructed by replacement of gus with NtFAD3 cDNA fragment from nucleotide 52 to 1381 (Accession no. D26509) (Fig. 1) . The bar gene from Streptomyces hygroscopicious encodes the enzyme phoshinothricin acetyl transferase (PAT) and confers resistance to the herbicide, bialaphos. The NtFAD3 gene is a tobacco microsomal ω-3 fatty acid desaturase gene which catalyzes the conversion of linoleic acid (18 : 2) to linolenic acid (18 : 3) in lipids .
Explants and transformation procedures. Sterilized mature seeds of japonica rice, Oryza sativa cv. Notohikari, were cultured on the liquid callus induction medium containing LS (Linsmaier and Skoog, 1965) medium and 2 mg/ l of 2,4-dichlorophenoxyacetic acid (2,4-D). After a oneweek culture on the medium, embryos were isolated, shoots trimmed off and the remaining scutellar tissues placed with the scutellar side up on the plate containing callus induction medium solidified by 0.32% gellan gum.
Plasmid DNA was adsorbed to gold particles (1.6 µm) according to the protocol for the BIORISTIC TM PDS-1000/ He (Bio-Rad Lab.) and delivered to the target scutellar tissue (Shimada et al., 1995) . Two days after bombardment, the scutellar tissues of mature embryos were transferred onto the selection medium containing the callus induction medium supplemented with 5 mg/l of bialaphos (Meiji Seika, Tokyo). Bialaphos-resistant cell clusters were transferred to the regeneration medium composed of LS basal medium containing 2 mg/l of NAA (1-naphthaleneacetic acid), 1 mg/l of kinetin, 1 g/l of MES (2-[N-morpholino] ethanesulfonic acid), 2 g/l of casein hydrolysate, 3% D-sorbitol and 0.32% gellan gum. Then regenerated shoots were transferred to the rooting medium composed of LS hormone-free medium containing 5 mg/l of bialaphos (Shimada et al., 1995) .
Southern-blot analysis of the transgenic plants and the progeny. The total DNAs were prepared from leaf tissues harvested from primary transformants and their progeny by using the Nucleon Phytopure DNA extraction kit (Amersham Pharmacia Biotech). Ten micrograms of DNAs were digested with restriction endonuclease, BamHI, and then fractionated by electrophoresis in a 0.8% (w/v) agarose gel. The fractionated DNA segments were transferred to positively charged nylon membranes (Boehringer Mannheim), and hybridized with a PCR-labeled probe. The 402-bp product of bar gene and 490-bp product of NtFAD3 gene after PCR amplification were used as a probe. Primer NF3-1 (5'GCTCTCCTCCTCTATCTCTG3') and NF3-2 (5'TGTTTCTCACTCATTCATCC3') were designed and synthesized according to the sequence of the NtFAD3 gene. The primers, NF3-1 and NF3-2, were expected to produce a 490 bp product. Two primers designed and synthesized based on the sequence of the bar gene were expected to produce a 402-bp product (Takumi and Shimada, 1996) . Southern-blot analysis was performed as described in the protocol of DIG direct nucleic acid labeling and detection systems (Boehringer Mannheim).
Northern-blot analysis of the transgenic plants. RNAs were prepared from leaf tissues using the ISOGEN (Nippon Gene). Twenty micrograms of total RNAs were denatured and fractionated by electrophoresis in a 1.2% (w/v) agarose gel. RNAs were transferred to positively charged nylon membranes (Boehringer Mannheim), and hybridized with a PCR-labeled probe. The major fragments were identified by Northern hybridization against probes of the bar or NtFAD3 genes using the DIG systems (Boehringer Mannheim).
Fatty acid analysis of the transgenic plants.
After sterilization, seeds of Notohikari were germinated on the LS-hormone free medium and selfed transgenic seeds (R 1 ) were germinated on the LS-hormone free medium contain- ing 5 mg/l bialaphos. The third leaf blades and roots of Notohikari and bialaphos-resistant seedlings after two week-incubation at 26°C were collected and fatty acids were extracted from them as described by Kodama et al. (1994) . The fatty acid compositions of whole the third leaf and roots at the third leaf stage were determined by gas chromatography.
RESULTS

Regeneration of bialaphos-resistant plants.
Scutellar tissues from about 300 embryos bombarded with gold particles coated with two plasmids, pDM302 and pTF1SN, were transferred to the selection medium. Finally, 32 independent lines of bialaphos-resistant plants were obtained from the resistant calli on the selection medium. The transformed R 0 plants were selfed and R 1 seeds from each of these plants were grown in a greenhouse and analyzed for DNA integration by Southern-blot analysis, and RNA expression by Northern-blot analysis.
Co-integration of bar and NtFAD3 genes in the bialaphos-resistant plants. Thirty-two independent bialaphos-resistant plants were investigated for the integration of the introduced genes by Southern-blot analysis. Figure 2 shows a part of the results in Southern-blot analysis of BamHI-digested DNAs from the untransformed control plants and two bialaphos-resistant plants of each line. All of the bialaphos-resistant plants showed the hybridization signals for the bar gene having various patterns with lines (Fig. 2a) . As for NtFAD3 gene, all bialaphosresistant lines except #4 showed the hybridizing bands, but #1 and #2 did not contain the band showing 1.4-kb cDNA of NtFAD3 (Fig. 2b) .
The results of Southern-blot analysis are summarized in Table 1 . All bialaphos-resistant plants were confirmed to have integrated bar genes, showing one to more than 20 hybridizing bands with a 0.6-kb fragment of bar gene. On the other hand, 23 of the 32 bialaphos-resistant plants showed the hybridizing bands for NtFAD3 indicating a co-integration frequency of 72%, while only 11 lines contained the 1.4-kb fragment of NtFAD3 cDNA. Consequently, the co-integration frequency of both genes on the separate plasmids, 0.6-kb fragment of bar and 1.4-kb fragment of NtFAD3, was estimated to be 34%.
The number of hybridizing bands with both genes varied with the transgenic line from one to over 20, and there was a correlation between the integration numbers of bar and NtFAD3 genes. Three of the 11 (27%) plants showed one hybridized band of the NtFAD3 gene, five plants (46%) contained two or three bands, and three plants (27%) contained more than 10 bands (Table 1) . Fig. 3 and Table 1 ). The remaining nine lines did not express NtFAD3 mRNA; three lines, #5, #18, and #28, had the 1.4-kb fragment of NtFAD3 cDNA, but six lines did not. This suggested that only the transformants had the 1.4-kb fragment of cDNA could be transcribed the NtFAD3 gene. That is, the co-transformation frequency was 34% (11/32) and the co-expression frequency was 22% (7/32).
Fatty acid analysis of the transgenic plants.
The fatty acid compositions of whole lipids extracted from seedling roots and leaf tissues were analyzed (Tables 4 and 5 ). Lipids in the root tissues of Notohikari mainly consist of three kinds of fatty acid; contents of 16 : 0, 18 :2, and 18 :3 are 34.9, 33.5, and 25.8 mole%, respectively (Table 4 ). The ratios of fatty acids in the bialaphos-resistant line #13 with no integration of NtFAD3 gene, were similar to those of nontransformant, but those in the transgenic line #3, which had a 1.4-kb fragment of NtFAD3 cDNA and expressed mRNA of NtFAD3 were significantly different; in the root tissues of #3 line, the content of 18:2 decreased and that of 18:3 increased.
On the other hand, the content of 18:3 was higher than 60 mole% in the leaf tissues and slightly, but not significantly increased in the transgenic line #3. The 18 :2 content was significantly lower in #3 than in Notohikari and #13.
Although the fatty acid composition of each lipid should be analyzed, the results suggested that NtFAD3 gene expressed in the transgenic rice plants and modified the fatty acid composition in lipids of microsomal membrane.
Fertility of transgenic plants and inheritance of transgenes.
All transgenic plants were grown in a green- Fig. 3 . Northern-blot hybridization of mRNA from transgenic rice R 0 plants which were probed with a 490-bp product of NtFAD3 gene labeled by PCR. M, RNA molecular weight marker III, digoxigenin-labeled (Boehringer Mannheim); #3 -#32, transformant lines. #13, #21, and #29 were used controls, which integrated the bar gene but not NtFAD3 gene. 11.7 ± 1.3 13.2 ± 0.3 * 6.1 ± 3.5* 18:3 66.4 ± 1.7 59.2 ± 2.4 69.8 ± 3.8
The value are mole% ± S.D. (n = 5 -8). Transformant #13 has bar gene but not NtFAD3 gene. * Significant at 1% level of probability. 16:0 34.9 ± 1.1 34.8 ± 0.7 37.0 ± 1.9 16:1 0.1 ± 0.1 0.1 ± 0.1 00.0 ± 0.0 18:0 1.0 ± 0.3 1.3 ± 0.2 1.6 ± 0.4 18:1 4.8 ± 0.6 3.0 ± 0.7 3.3 ± 3.3 18:2 33.5 ± 0.9 33.8 ± 1.0 * 9.3 ± 2.7* 18:3 25.8 ± 2.5 27.0 ± 1.6 *48.8 ± 5.2* The value are mole% ± S.D. (n = 5 -8). Transformant #13 has bar gene but not NtFAD3 gene. * Significant at 1% level of probability.
house. Fourteen transgenic plants (44%) grew to set seeds normally, nine plants (28%) showed a low seed fertility and nine plants (28%) were sterile (Table 2) . Several transgenic plants were dwarf or polyploidy. The transgenic lines, #6 and #28, which showed more than 20 hybridizing bands of transgenes were dwarf and sterile. However, it is uncertain whether the number of integrated transgenes alone affected the seed fertility; for example, in lines showing one hybridized band of transgenes, two lines showed normal seed fertility, but two lines were sterile and two lines showed low fertility ( Table 2 ). The selfed progeny were examined for inheritance of bar and NtFAD3 genes by Southern-blot analysis. Figure 4 shows the results of Southern hybridization for the NtFAD3 gene in the R 0 and R 1 plants of #2 and #11 lines, in which R 1 plants showed exactly the same banding pattern as that of R 0 plants, although a few plants showed no bands. The same results were obtained in Southern hybridization for the bar gene. The segregation ratios in the R 1 progeny of 10 R 0 lines were summarized in Table 3 . All lines gave a segregation pattern of 3:1 for both genes, regardless of the number of hybridizing bands. Moreover, both bar and NtFAD3 genes segregated together, indicating the close linkage of the two genes (Table 3) . These results suggest that transgenes were co-segregated and transmitted to their progeny in a Mendelian fashion.
DISCUSSION
We have introduced unlinked bar and NtFAD3 genes on separate plasmids into rice scutellar cells from mature embryos in a co-transformation by particle bombardment. Seven fertile transgenic plants which had the 1.4-kb fragment of NtFAD3 cDNA and transcribed the gene(s) were independently obtained from around 300 bombarded scutellar tissues.
In our experiment, 23 out of 32 bialaphos resistant plants integrated the NtFAD3 gene confirmed by Southernblot analysis, indicating a 72% co-integration frequency. However, only 11 of them contained 1.4-kb fragment of NtFAD3 cDNA and nine of the 11 plants expressed the NtFAD3 gene. Consequently, the co-transformation frequency was 28% (9/32) in the strict sense. This result is consistent with previous findings obtained by transformation of unlinked genes on separate plasmids by direct gene transfer. Schocher et al. (1986) investigated the co-transformation of unlinked selectable and non-selectable genes (zein) into tobacco protoplasts. They reported that the presence of sequences from a zein genomic clone was detected in up to 88% of kanamycin-resistant cell clones, and that a fragment containing the full genomic zein clones was found in up to 33%. Co-transformation at the frequencies of 20 -36% has been observed in the transgenic rice plants, in which the non-selectable GUS gene was expressed (Peng et al., 1990; Li et al., 1993; Rathore et al., 1993) . Although Goto et al. (1993) reported a 100% co-transformation of GUS and selectable genes in transgenic rice plants which was confirmed by Southern-blot analysis, the frequency of GUS expression, the strict co-transformation frequency, might be lower than 100%.
In the present experiments, Southern-blot analysis of the transgenic plants showed complex patterns of integration, and from one to more than 20 hybridizing bands of the bar and NtFAD3 genes. In the Southern-blot analysis of R 1 plants, identical integration patterns were observed in the selfed progeny and they inherited the genes as a single dominant hemizygous locus. Moreover, no recombinants of the two genes were observed in the selfed progeny. These results indicate that the two genes on separate plasmids were tightly linked and inserted in one region of the genome. The tightly linked nature of gene fragments associated with multi-copy integration events has also been reported in direct transfer of unlinked genes (Schocher et al., 1986; Goto et al., 1993; Rathore et al., 1993; Christou and Swain, 1990; Kartzke et al., 1990) . Although Wigler et al. (1979) suggested for animal cells that recombination between introduced molecules occurred before integration, the rational explanation for co-transformation of genes on separate plasmids is unclear.
Roughly 50% of transgenic plants showed low fertility or sterility. However, since the number of inserts was not correlated with the fertility, such abnormality of transgenic plants should not be attributed to the insertion of foreign DNA fragments alone, but also to somaclonal variation occurring during the tissue culture process (Yamagishi et al., 1997; Arencibia et al., 1988; Bregitzer et al., 1988) .
The tobacco microsomal ω-3 fatty acid desaturase (NtFAD3) under the control of the CaMV35S promoter stably expressed in the transgenic rice plants and modified the fatty acid composition; the linoleic acid (18: 2) content significantly decreased in the root tissues, while the linolenic acid (18 : 3) content increased significantly. The transgenic tobacco plants with increased amounts of trienoic fatty acids in leaf tissues have been produced by the introduction of the Arabidopsis thaliana FAD7 gene, and in such resultant plants, low-temperature-induced damage was effectively alleviated . We are now analyzing the fatty acid compositions of the transgenic rice plants with the NtFAD3 genes in detail, and examining the low temperature tolerance of these plants.
